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ADSTRACT

In order to establish a beticr basis for correlating chemical
reactivity with polarograpcic behavior of carbon-halogen bonds, an
attenpt has been made to ascertain whether the electrochemical pro-
cess involves an elimination or free radical mechanism., The present
study presents evidence derivable from structural influences.

A group of branched chain alpha-bromoalkanoic ccids with several
of their ethyl esters and straight chain isomers were investigated
polarographically. The relation between half-wave potential, E},
and pR for the acids follows an S~shaped pattern having pH-invariant
regions in the alksline and acidic ranges, E} in the latter region being
considerably more nsgative. The E} values for the esters ere pH-
sviepsndent, being slightly mome positive than those of the correspond~
ing acids in the acicic region. The polarographic waves all involve
a two-electron reduction process, and are all diffusion-controlled.

In the acidic region, the branched chain acids are more easily reducible
than their straight chain isomers by 0.20 to 0.13 v., the larger
differences being observed for the lowsr molecular wwight acids. In

the alkaline region the saituation is similar, tmt thers are some spparont
snomalies.
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The possible course of the electrode rsaction is considered in the
1light of the infiuence of pd, of chain length end of chain branching.
Certain aspects of a possible aralysis of the pH-dependence are discussed
and shotoonings of previouns theorsiical ireatwents are noted. Tenta-
tive hypotheses for g plausible reaction mechanism are advanczd in terms
of ocontemporary organic resctivity theory and steric concepts. Evidence
is examined for an elimination process of either SNJ. or S!‘z pattera
for the carbon-halogen dbond firsion, and some consideration is given
to the possibility of a free radical mechanism. The aoomalous behavior
in the alkelins region is explaeined as the result of formation of cer-
tain ring-structures vhich can achisve stability only in the acids which
bshave anomslously.

INTRODUCTION

Previous polarogrsphic work on electrochemical carbon-halogen bond
fission in alphs halogensted alkanoic acids is reviewed in a study (1)
of the straight chain acids. At dlpunltpa, as chain length increases,
cbserved By decreases, there being ore wxosption, bromsbutyric, in the '
alkaline pH region. Ths bond-fission involves a two-electroa reduction
with oonversion to the correrponcing ssturated acid. The effect of
ethanol on B} and on diffusion curient, S is also discussed, as are
the influences of structure and inductive effect on the ease of recuce-
tion,

It seemsd logical to inquire next into the effect of branching of
the carbon chain and of increasing subsoquent chain lengths on the easse
of redustion. Consequently, bromoacet:c acid (HH), 2-bromopropionic
acid (M), 2-bromobutyric acld (EH), 2-bromo-2-methylpropionic soid (M),
2-bromo-2-methylbutyric acid (ME), 2-bromo-2-ethylbutyric acid (EE)
snd 2-bromo-2-sthylhexcic ucid (BR) were studied, the first three for
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comparison with the previous study (1)'1‘. Ir. order to complete the work, P

lFor brevity and clarity, the various acids vi1l be subsequently referred
to through the use of the abbraviations indicated. These consist of
the inftiail letters of the substituents, cther than bromins, on the
;15% carbon atem, 1.e., H 18 hyrdrogen, M iz melhyl, E is ethyl, etc.;

e case of the ethyl esters, Et will b prefixed, e.g., EtM{ 1s
ethyl ~-2-bromopropionste.,

the sthyl estars of five of these scids were investigated.

One of the objectives of the systematic study of the electrochemical
fission of carbon-halogen bonds being carried on by the senior author
and his coworkers is the definition of 3 possible basis for correlat-
ing organic chemical reactivity of theses bonds with the polarographically
defined half-wave potentials. Since both the chemical and electrochemical
processes are usuelly irreversible in nsture, comparison such as indicated
would be valid only if bot: precasses involved the same essential reac~
tion pattern. For this reason, an atterpt L3 being made to ascertain
whether the electrochemical procesz is an elimiuantion reaction of the
881 or Suz.“ type, or & free radical process.

The observed behavior of the acids and esters in the present study
is considered from several points of view, e.g., the prediction of ezse
of bond fission from the principle of jlermanent polarisation, and the
ocompatibility of observed behavic:' 5n substitution wita that predicted
for different elimination wechanisms,

Another matter requiring extensive consideration is ths sonsistently
chserved and repeatedly verified result (1-6) that for a-haloalkanoic
acids, E; varies with pH in an Se-shaped pattern. This heuavior has never
been satisfactorily explained on a quantitative basis, although related
phenomena in other grcups of compounds, e.g., the double wave in pyruvio
acid, have bean sucoessfully treated (7,8). It is nci clear at present
vhether the Seshaped curve requirss merely a modification of some of
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these treatments or whether entircly ncw concepts are required. An
atteapt by Saito (9) to use a modification of Brdicka and Wiesner's (7)
approach to the problem ie quite unsatisflectory. An atteapi is being
rade to formulate a consistent Lroalicent cf ¢his matter, and its dis-
cussion will be the subject of forthcoming work, Accerdingly, the
phenomenon of the S-shaped ¢urva in givsa oaly brief atteantion in the
present paper.
EXPERIMENTAL

The expsrimeuntal conditions differ somevwhsat from those of previous
work (1, 2, 3). The following buffer zystems, adjusted to an Yonie
sirength of 0.5 M, were uced: HC1-XCl (pH 1 to 2), FB2H302-N202}{302
(P L to 6), and N, -NH) C1 (vB 8 to 9). The operating temperature was
0°; the test solution contained 9,.5% ethanol by volume; the mercury head
vas 50 cm, Supplementary measurements were made at 25, and otlers at
75 ox. The capillary used was Ccrning marine baromster tubing, having
a drop-time of 5.9L sec. and an m-value of 1.071 xg./sec. st open circult
in distilled water (50 cm., 0°). Temperature control to =0.1 degree was
achieved by using a specially constructed polarographic H-c:ll immersed
in an ice bath. A Sargent Model XXI Polarograph was used in connection
with a Leels and Northrup student-type potentiometer. All potentials
given are ocorrected for IR drops and ere referred to the S,.C.E. Beckmn
womnpammmedwmmfﬂ. In view of the 9.5% ethanol
content of the test solutions, strict interprstation of the pH values is
unwarranted; accordingly, pH values are given to only one decimal place
in the surmary table (Table VII) even though measured to =0.02 pH units
and 50 reported in the primary data tables (Tables I to VI).

MM, EE, EtBe, EtEE and EtMM were obtained from Sapon Laboratories.
EtEH, BtMA, HY, MH, and EH{ were Eastman Kodak white label grade chemicals,
MS and BE were synthesized. No special attempt was made to purify thsse

AWt b s mten 4B et Dnd i iU SORIION TRIGER s 05

gy




P IR . W o .

5
compounvis except for ME and BE whlch were, o ° 2ourse, purified in the
course of their synthesis, Tha former distilled at 10,-107°/8 rm. and
the latter at 100-101°/2 mm. All compounds were found to be polaro-
graphiocally pure.

Test soluticns were prepared by diluting a 5-ml. portion of stock
solution, containing a known conceantration of the compound in 95% ethanol,
to SO ml. with buffer solution. All stock solutions were prepared at 0°;
stock and buffer solutions were stored at 0°. Concentration and pH values
subsequently given are those of the final test solutions. Solutions
were deoxygenated with nitrogen, purified as desoribed (2). Base solu-
tion (obtained by mixing 95% ethenol with buffer) curves were used in
every case to correct the %est solution curwves.

Choice of operating conditicns was governed by the following factors;
the poor solubility of some of the compounds in water indicated the
nsocessity for a mixed solvent; the use of etharol snd the proportion
of 9.5% by volume were somevhat arbitrary, being selected on the bazis
of solubility improvement and u;.nxm Ey effect. At 25° the rapid
hydrolysis of some compounds, particularly in alkaline medis, even during
the relatively short period of deoxygenation and electrolysis, resulted
in ocurves worthless for calculation; the disturbance was c¢cZfectively
eliminated at 0°.

OBSERVED BEHAVIOR

A1l the acidcexhibitodllipoidalnriaﬁ,onofxbnthpﬂ, the
curve having flat portions in the acid region below pH 2 and in the
alkaline region above pH 8; ulmaoft:}mthouinmtmm
given in Teble VII and are plotted in Fig. 1 sgainst the mmber of carbon
atoms. Complete dsta for the acids are given in Tables I %o IV and VI,
Fig. 1 inocludes a similar plot for the straight chain 2-bromoalkancic
«cids (1). Since the latter data were obtained under somewhat different
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experimental oconditions (temperature difference and aloohol absence),
the curve is displzacsd along the ordicate., However, the similarity in
the trends of those acids covered by both sets of date (HH, HM and EH)
is such that & quaiitative extrapolation uay bte made for purposes of
comparison. This plot and itz interpretation constitute the basis of
much of the subsequent discussion.

Tn the acid pH rezion, the acids exhitit a continuous decrease in
(negative) E} vith increasing chain length, i.e., thay become more easily
reducible. There is a sharp bresk beiwsen the straight chain acids and
their branched chain isomers, the latter being more easily reducibdle,
roilowinyg uhis break, the trend is alwost the same for both series,

In the alkaline reglon, tho situaticn is more complicated. In
gensral, there is agair s coatinuous decrsase of E% with inc easing
molecular weight in both series of acids, there being, however, three
anomelies: EH in the straight chain series, and ME and EE in the branched
series. The increment in Ei’ betwean respsctive non-anomalous members
of both series is greater than the corresponding increment in the asid
reglon., It is significant, as sudsequently shown, that all three anomalies
are encountered in molecules with one or two sthyl substituents on the
alpha carbon aton.

Because of the anomalous behavior of ME and EE in the alkaline
region, there i3 a cross-over in the plots of the branched and straight
series. However, the trend of the curves seems to be in the direction
of a reversal of this cross-over, perhaps at the C, level,

9

Tewperature coefficieats of &, and current ratios upon variation of

4
the mercury head agree closely with the theoretical values consequent to
diffusion-controiled current-producing processes. The a values, the
expirical constants in the equatioz for E% (10), vary from 0.6 to 0.7

in the acid region to 0.3 or O.4 in the alkaline region. Diffusion ourreat,
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oconstants, I, are lower in the alkaline regior thaun in the gcid region and
pass through a minimum in the intermediate region.

The B} values for the esters (Paile V) are inverisnt with pH. Such
slight variations as do occur car. ba attributed tc the specific effect
of the differiag buffer systens used., Veriotion of ester Ei with
number of carbon atoms in the parent acid is shown in g. 1. The ester
Ei is in each case very close to E;s of the corresponding acid in the
acid region, beiig slightly less negetive. Thess results agree with
previous observation (L, 5). The ectivating influence of the carbonyl
group on the carbon-halogen bend fission is emphasized by the fact that
the §-bromoalkancic .aclds widd esiesrs do nct show reduction within the
observable potential range.

DISCUSSION

The principal effects to be considsred sre (a) the pH-dependency
of B} in the case of the acids, (b) the decrease of (negative) E} with
increass of chain length, (c) the affect of chain branching, snd (d) the
apparert anomalies in the alkaline region with respect tc decrease of
(negative) E} with chain length.

Dependency of E} on pH

Although a detailed anslysis of the aiga;oid relation between E} and
PH cannot now be prescnted, certain sspects of the phenomena involved
vill be discusscd.

Only one polarograpiic wave appears in the fission of the carbon-
halogen bond in a-halo acids and esters; this wave is diffusion-controlled.
We can thus be fairly certain that the kinetic process of acid-anion
squilibtrstion is not directly rate-controlling. Comsequently, one or
another of the following processes probably prevails: (a) Only one of
the equiliorium forms is reducible over the potential span used; its
B} is pH-dependent. (b) Both forms are reducible and the form reducible

-
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at the less negative potentisl is reduced preferentially over the whole
PH range; its E§ is pH~dependsnt. (c¢) Both forms are reducible and one
or both of the forms have Ei pH-dependent; the separate curves of 8§
vs, pH cross, i.e., one form i3 preferentially reduced over one end of
the pH renge, and the other form over the other end. (d) Both forms
are recducible with pH-independent Eythe rising portio- of the curve is
due to some as yet undetermined fazture of the electrode process kinetics.

Ona question vhich can fairly be answerasd at this =tage is the
nature of the rore readily recucible form, which has bteen assumed in
previous work to be the undissociaiced acid, a conclwsion which is highly
probable. In tne first place, Brdicka and Wiesner (7) made this assump-
tion ir the case of pyruvic acid; their mathematical treatment produced
calculated resulis in good egreement with the data. Secondly, the ethyl
esters of the haloscids, which ars more closely related to the undissociuted
scid form than to the anion of the parent acid, have pH-invariant E}
values very closs to those of the acids in the acid reglon (Fig. 1,

Table V; refesremces L, 5). It is 2lso important in this connection to
emphasige that the data on the estzrs indicate that the Tundsmental
phenomsnon 6f carbon-halogen bond fission is itself pH-independent; thus,

the pH-dependence of E} for the scids must be ascribed to other phenomena.

An interpretation of the greater ease of reduction of the sster cor
acid compared to the anion can be given on the basis of electronic polarisa-
tion, if the S.1 mechanism is assumed. In the anion, such a mechanism
would produce at the electrode on fission of the carbor-halogen bond a
transitory species with a local positive charge on the alpha carbon atom
and a local negative charge on the terminal oxygen atems. Internai com-
pensation might then lead to a stabilized a-lactone structure (II) (11-13)
much less labile than the corresponding undissoclated acid or ester
intermediate (I):

o
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b 1I
R and R' refer clther to hydrogen or to alkyl groups.

There are several possitle aacumptions about thic nsture of the pH-
dependency, which rigy be divided into two groups: {a) Those in which
hydrogen ion activ'ty onters &3 & factor in the mass pction effect for
acid disscclution, =g inmvelvwad elther in the kinetics of the equilibra-
tion or in reducing the number of mothematicsl variables Ly substitution.
(b) Those in which hydrcgen icn enters because of its role in the gross
electrode process itself. Results of the sazmimntinne in fa) arn=1123 4o
the present case arc semi-empirdcel and mzke generally pocr fite with
the data. On the other hand, the zgsumptions consequant to (b) have
never besn adequately discussed. For instance, the electroseduction is
coupled, kinetically, with the diffusicnal procces, In the classical
aualysis, this coupling is treated only fiom the point of view of diffusion,
i.e., only vher the potential has reeched a value at which the rate of
diffusion is the limiting process (10). But at the Ei‘ value, this point
uas not been rzsched, i.e., the electroreduction is still the process
whick is rate-controlling. Yet the lack of applicablility of the Ilkovic
equation at potentials less than those corresponding to the limiting
portioca of the wave is never seriously questioned, 2.g., it is conven-
tionally {and conveniently) assumed that when E = 8;4” tha surface con-
centration is egal to one-half the bulk ccncerntration, and so on for
other points on the wave, although the boundary condition for the solu-
tion of the differential equgtiova for diffusion to a grcwing spherical
surface 1is, to quote Kolthoff and Lingane (10),

Coe &Gy or Co » O wken t > C
It is the authors'! view that treciment of these end cther inconsistencies

imr basic polarographic theory imust be unde-taken defore rizal answers to
questions 1ike the pHecenendence of polarcyraphic waves can be founc.

-
-y -



|
_r-

oy o —

10

Effect of Chain lengta

The possible interpretation of this effect can be presented from
several viewpoints. If the reacticn proceeds by an Sul mechanism, the
decrease in (negative) E.} with chain lengbh would be expected, beczuse
the electron drift frum the alkyl substituents would serve to make the
fractiohal charge cn the alpha carbor progreesively less positive as the
number and size of the substituents increased. This would progressively
weaken the carbon-bromine bond, and the dissociation of the bromine would
becomd steadily lesz difficult, Consequently, the electroreducticn
would occur at a progressively less negative E%‘ This argumert i= open
to the possinie opjection that the contimuation of the trend in the
higher acids would violate the concept of permanent polerization.

The latter holds the influencs of electron-repelling groups toward a
positive center to be negligible at a distance of more than one carbon
atom. We woulcd therefore expect a chenge in the reactivity of the alpha--
carbon=brominz boad iun going from bromoacetic to bromopropionic acid, and
perhaps even a further change on going to btromobutyric acid; beyond this
point, no further change clhiould be expected. This expsctution is con-
tradicted by the data.

In discussing the straight chain scids, Rosenthal, Albright and
Elving (1) indicats that the apparent conflict cited is due to the
operation of such factors s ease of approach to, srientation to, and
adsorption on the electrode surfsce. In particular, they counsider that
adsorption may be the principal factor in causing the steady decrease
in -k} with chain length. They cite work (14) on the sdsorption on
meroury of the normal primary alcohols from the vapor phsse, in which
it is shown that there is a regular increase in free enorgy as chain
length incresses. If a similar situstion exists in the case of adsorp-
tion of tha acids on mercury from solution, and if the adsorption is fsst ~/
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euough so that it is not the rate-determining step, the electrode reaction
could take place within the adsorbed film, and stil) reveal itself as
diffusion-controlied. Thus, differences in the energy of adsorpticn would
be the primary potential-controlling condition, rather than differences
in bond strength in the acids, although the factors are related. An Sul
mechanism could still be defended in 9uch a case; the wil-known effect
of tae solvent in being conduclive to dissociation could be assumed bty
the field of ths mercury electrode,

The possibility of an 8"2 mechanism, involving back-sids approach
by a nucleophilic agent, cannot be dicmiu}d. In This case; electrons
from the electrode would themeelwvc constitule e wucleophilic agent.
At first glance, such a mechznism seem3 to0 be in direct conflict with
the data, because substitution of alkyl substituents, as discussed
previously, would make the alpha carbon leas positive, tims decreasing
its attraction for a musleophilic agent. Such a mechanism, if it were the
potential ~determining step, would cause an increase in -Ei with chain
length. On the other hand, the effect of an increased electron drift
might be ocompensated for uy stretching of the carbon-bromine bond, In
any ocase, if the sdsorption hypothesis is correct, either SNI or 8'2
effects would bs masked and no decision on the basis of present evidence
is possidle.

The idea of the Shl machardem 18 still attractive, however, becsuse
(a) it expleins the sharp drop in -Ej going from HE to Mi followed by

the smaller drop from MH to EH; (b) it explains the more difficult reduction

of the anicn form compared to the undissociated acid; and (o) it explains
the effect of branching, discussed in the next sestion.

It is obviously desirable to distinguish among possible mechanisms
by & study of an acid such as ME with an asymmetric alpha carton in order
to ascertain whether optical activity is retalned during reduction, and,
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if so, whether conf‘iguratién is retaineda In S mbanisms, there is
reversal of co;.xiguratian, whils .,cnﬁgzmation is retainsd in Ssl ang
ﬁry rapid Sﬂl Proceeses, .There‘ is ioss of ectivity in most SN1 and

free radical processsas., It is ple;.ned to ’a_c stigete ele,c mq.hexzic:al

carbon-halogen bon! fission in an opt:.c,ally setdve compeundo
Sffect of Chain Eranching

Branching has 2 very pronounced effect on Ey (Fige 1). ‘_ In the acid
region, the difference in,r,e_d.ugibility batween ca'n-esponding isomers
ir the straight and branched sﬁries varies from 0.20 to 0;13 1?. 5 gotlg
from the Ch to 08 isoaaera. . The difference gépears t,o' convergs gaﬁtly,
indicating that in the hi.ghér acids ﬂw' gffect-'of branching on reducibility
would be negligible. In the alkaliné ‘;i'égion, gecan'se‘or the aﬁomlcws
phenomena encountered; the effect of b*anch.;ng is. not so clearly delinsat~
ed, though the effect is quite SRRy prenett,

The promunced effect of branching in the scid regicn is explicable
cn the basis of permanent polexrization, 'Ihe combined effects of two
alkyl substituents on the same carbon at"‘x will be much greater than the
errect of one substituent alone. There lq mnple evidence to support this
in the kr.wn lability of tertiary carbon atoms a3z compared with the
aecondary or primary cexrbon atoms. In addition, there 1s the possibility
of Bestrain due to the incressed substitution. KE.ving and Westover (15)
found the Myapﬁc behavior of the butyl bromides to be in accord
wi.th the effects observed hers, although the differences were not so «
striking. They find Ey values of -2.47, -2.Li, and -2.35 volts for
n-butylbromide, iso~butylbromide and sec-butylbromide, respectively.

An SN1 mechanism is in accord with this type of progression, since such

_reactions are favored by increasing complexity of substitution {16, 17).

It is noteworthy, in comnecltion with the foregoing discussion of

the dependence of E% upon structure, that Taft (18) has been able to
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sorrelate the E} cata for the slphe tromoalianoic aclds at pH 1.1 reported in
this paper with Hammett's polar substituent sigme-vsluss (12). The calculated
rho-value for this corrslation iz 0,397 I 0.072.

Bafore concluding the discussion of vrotible rechanisms, the possibility of
free radical formation must be ccusidered., That such reactions may occur in alec-
4rode processes is demonstrated, for example, by the work of Haggerty (19) and
vWheland's treatment of it (20), in shi-h it is shown that the reduction of aceione
at a mercury cathode gives riss to both mercury diisopropyl and pinaccl; this suge
gests the transitory existence of the isopropyl racical as well as the structure
(083)2(.3-0° or (083)2(.3-0!1. Free radicals have also been postulatec in ths Kolbe
synthesis, e.g., see reference 21,

The free radical mechanism postulated must bs ccmpatible not only with the
stoichiometric reaction but &lso with the shift of E} with chain length and with
branching. The following cuasiderations satisfy these requirements: (a) The free
radical formed can acquire an elaciron to form & cerbanion, or it may pick up a
hydrogen atom to complete the gross reaction. (b) As chain length increases, the
rescnance energy of an alkyl free radical increesses (22), Thus, if the potential-
deteraining step is the breaking of the C-~Br bond to form a free radical and if the
bond strengths are nearly constant (as expected from the concept of permanent polar-
isation), the differences in resonance energy account for the trend of the E values,
(¢) The initisl effect of branching can be accounted for by the decrease in bond
strength associated with tertiary substitution, while the subsaquent and gemtler
decrease in ~E) can be justified cn the same basis us in (v).

mlmnlieainthenmmagpon

It 1is proposed that the anomalous behavior encountered in the alkaline DH
region has its source in the tendency toward stable ring formstion found in com=
pounds having sixemember chains with terminal etoms differing in
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electronegativity. In each of the ccmpounds exhibiting anomalous behavior,
i.e., EH, ME and EE, which are recduced at substentially morc zegative
potentials than wruld be expected frcm the trend of the neighroring aciis,
there 15 a possibility of forming a. 12837 ¢n3 sii-uembered ring:

~
I C=)

N,

H-C=H

H-C=l O
N

In the case of the only other acid among those stucied vhere a six-
menbered ring could be formed, B8E, *he data for compariscn (on the longer-
chain side) are not available.

Construction of Flsher~Hirschfelder-Taylor models of the scids showing
anomalous behavior tenda teo cenfirm this hypotresis. In the model of
ME, for exzmple, the hydrogen stoms on the V-ccrbon atom muke firm contect
with eithsr oxygen atom (these being equivalent in the an’on), while
those on the P-carbon atom, although they make contuct, are coastrained
to do so at an unfavorable angle,

On thes other hand, it is mechaniczlly possible to show, using the
wmodels, that unstrained puckered ringa ihich are composed of chains more
than six members long can be formed in acids like 2-bromohexoic (BH).
However, the data iydicate no ertra stability for such stiructures; they
are not anomalous ir bshavior. This apparent difficulty can be resolved
by reference to the concept of an a-lactone structure in the anion, as
previously discussed. This structure conitrains the a-carbon atom, the
carbonyyl carbon atom, and the carbonyl oxygen atome to lie in a plans.
Under that constraint manipulation of the models demonstrates that the only
C-H-0 bond now possible is that involving the Y-carbon atom, With this
assumption, the possibility of forming rings with a numdber of neab&rs othar
than six becomes remote.
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There exisis, of course, the converse possibility, namely, that the
six-member ring augatnts the atability of the a-lactone structure. This
would be « desirable interpretsziion becsuae on: would expect the resistance
to raduction to be related to the stability of the a-lactone intermediate,
<hich exists canly near the electrcde, and mot to that of the ring, which,
after all, might exist {n the bulk of the solution as ‘vell as near the
electrode.

In the data on the straight acids (1), the increment of poteatial
associated with the ancmaly cited (EH) is about 0,05 volts, corresponding
to an energy increment for s two-clectron process of 2.3 kcal./mole.
Comparing this with the commonly accepted value of S kcal./mole for many
hydrogen bonds, the value of 2.3 kcal./mole 13 of ressonable order of
magnitude for & relatively weak manifestaticn, It is difficult wo
establish from the present data the magnitude of an analogous increment
becausa of the absence of data on the longer chain side, However, some
oconclusions can be drawn. For example, the data show that EE must have
& larger increment than either of ite neighbors. (Fig. 1). This acid,
as can be demonstrated with the Fishar-iirschfelder-Tsylor models, can so
dispose itself that the two possibilities for -C-H~0 bonds can bes
simultanecusly realized, thus accounting for u;e increased stability.

Experinental anomalies involving six-membered chains have been re-
ported. Newman (23) observed such an effect in the acid-catalysed
esterification of a large mmber of acids, and devised the conoept of
6~number in elucidating a rule of thumb for predicting such ancmslous
behavior. However, the effect described by Newman differs from that
encountered in the present work, in that once the possibility of achieving
a six-membered ring has developed, subsesquent increase in complexity of
the terminal group has no influence.

On the other hand. Rerliner (2L, 25), Dippy (26) and Evans (27, 28)
bave described anomalous behavior involving six-member chains, in which the
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anomalies represent Jeparture of one particular member of a seriss from
a trend which contimies \n the series members on either side of the
anomalous compound. The work of [ippy is of perticular interest because
of the close association of the compounds studied with those of the
present worki he precenbts values of ionization constants for saturated
straight chain aliphatic ecids out to octanocic, and for certain of their
branched chain isomers. There is a consistent decrease in Ki among
the straight chain acids except for the striking anomsly of n-butyric

acid, whose K, is greatly in excoss of ths values for its neighbors in

1
the series. In the branched 3series, diethylacetic atid and ethylmethyl-
acetic acid are similarly anomelous. These are the parent acids of the
very oompounds found to show anomslies in the present work.

The authors cited have suggested formation of a cyclic six-member
structure whose wgles conform more closely then any other ring structure
to the normsl tetrshedral bond angle for carbon. The stabilization of this
structure is supposed to be effected by a loose chemical connection which
is discussed in terms of hydrogen Londing (Dippy), hyperconjuzation {Berliner)
or resonance (Evans). Hunter (29) in a review on hydrogen bonding |
states that C-H=0 bonds are very weak, and are probably manifested only
under some directing influence; such bonds are very difficult to detect.
Nevertheless, even such a weak influence might exert sufficient stadbilisa-
tion on the structure to produce the effects observed.

If the energies of the various configurations possible in the
a=bromo aliphatic acids could be estimated, the problem of ring forma-
tion might be attacked by statistical mechanics. Energles associated
with the strai: produced by various configurations, and energies associated
with bond rotation would have to be estimated, as well as the emigioa
resulting from approach of the terminal atons. From these, a partition
function could be constructed. It would then be necessary to compute
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the populstions of thoass configurstione approximsting to 2 sixe-mexbered

ring, five-membered ring, nnclosed U, straight chain, etc., for several

of the acids, to find out if there is angy excsptional stabilization

casociated with the six-membercd ring conliguration., Work of this type

has been carried out for hydrocartens (30).
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Table I. Polarographic data for 2-bromo-2-metihylpropionic acid (MM)

PH

1.07

1.80

LeOl
1+« 80
5.60
7.79
8.87

Fxcept as noted, temperature is 0°C., and mercury head is
50 cme Diffusion coefficient, cglculated from the Stokese

Eingtein equaticn, is 2.02 x 1C~

n-value, calculated from

Ilkovic equaticn, is 2. - ’
Acid
Concne -5 a id I Notes
2
m} Ve pa-
00521 0.279 0.0 l.k6 2,05 o
0.521 0. 287 0.00 1.82 2.0¢ Q’b (R = 1023)
0.260 0.287 O.gS 0,765 2.12 ¢
002 00283 Oo 2 00915 2010 c,b (R - 102’1#) .
00521 0.2 0,860 2.5 3.i0 2 (g « +2%/ deg.]
(Ce 4 +l.13,‘$/deg.)
0.521 0.287 0.60 1.40 2,02 @&
0260 0.275 0.00 0.0675 2.12 ¢
00521 0.473 0,31 1,08 1.50
0.521 0.577 0.27 1.26 1.7z
0.521 0,795 0.21 1,312 1.81
0e521 1.059 0.3L 135 1.89
o521 1.066 0.33 1.26 1.75
0.521 1,022 0.3‘& 2,22 2093 d,e (Ci - 42%/d°go)
(ce = +0.25%/deg. )
0.589 1,059 0.33 1.38 1..70
0,589 1,090 0.30 1.85 1.85 b (R = 1l.34)

a - Maximum presente.

b - Mercury head = 75 cm. R = diffusion current ratio for
mercury head (75 cm.:50 cm.); for diffusion control, expectsd
value 1s .23,

¢ - Concentration decreased to eliminate maximum.

d - Run a% 25°C. C, is tomparature coefficient of T; expected
value for diffulion control is about +2%/degree. C, 18
the temperature coefficient of Eye

6 - Diffusion current corrected for‘gydrolyaia.

AN




head was 50 cm. N
Diffusion coefficzient is 1.97 x 16 ’

Acid
pH concne ~Ey a id I
2

m]M Va pa.
1007 00508 00252 O.f)O 1035 1089

0.102 0¢ 264 0.68 0.324 2.28
1.80 0.503 0.256 0.87 1.29 1.81

0.50 Oe254 Ce72 1.36 1.91

0. 465 0.246 0.62 1,64 1,74
0.465  0.260 0,65 21 20 21
0.093 06250 0,68 0.273 2.12
o.ZBA 0.268 0.32 1.62 2,22

65 CelEl Ceb 2,10 3.02

L.01 0,513 0.395 0.31 0,99 1,37
0.513 0,378 0631 Q.90 1,33

4480 0,508 0.490 0.27 1l.12 1.60
5.60 0,508 0.694 0.23 1,04 1.47
7.79 0.508 1,028 0420 1.15 1.65

0.534 0.949 Ge28 1,08 1,46
0. 465 1.005 0.31 1..59 2.40

8.87 0,59 1,028 Q.26 1.41 1.72
0. 596 1.077 0.28 1.77 Ll.74

Table II. Polarczrapiic data for 2-bromo-2-methylbutyric acid (ME)
Except as noted, the tempcrature was 0°C. and the mercury

n-value (Ilkovic) = 2.

Notes

» b (R = 1.21)

s

O MR MM O

(Cy = +2.4%/deg. )
(Cq = +1edh/deg.)

2

(Cy = 1.5%/deg.)
(Ce<+0. 25%/“g0 )

b (R - 1025)

f - Gelatine concentration approximately 0.02%.
- (elatine concentration agproximately 0.01%.

= Alcohol concentration 3

bv volume,

#This current has been corrected to permit comparison with
preceding values obtained at a higher concentration.

Ionic strength 0.45.
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Table III. Polarographic data for 2-bromo-2-ethylbutyric acid (EE)

Except as noted, the temperature wss 0°C., and the mereury
height was £0 cm. Diffusion ccefficient is 1.92 x 10-°.
Ilkovic n-value is 2,

Acid
pH Concn. ~Eq CHE 2 Notes
2
mM Ve pae
1,07 0.72 Je224, 0,01 1.64 1.5
C.182 0,67 2.04 252 d (Cg = +1.75%/deg.;
(Cq = +0.75%/deg. )
1,80 0216 0.70 1.7 1.2 L (R o= 1e27)
4,01 0.385 0.30 1.26 1.25
4,80 0e477 0.28 1.23 1.22
5.60 0.711 0D.23 1.38 1.37
7.79 1.095 0.22 1l.46 1.46
8.87 1.065 0.29 1l.35 1.37 4

1.090 002 1068 1038 b (R = 1025)

i ~ No temperature coefficient of I could be determined
at th%a PH becaure of the extreme rapidity of hydroiysis
at 25°C.
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Table IV. Polarographic data for 2-bromo-2~ctaylhexoic acid (BE)

Except as noted the temperature was 0°C. and the mercury
height was 50 cm.

Acid
pH Conene -El G id I lNotes
2
m Ve /.18.

1.07 O0.494 0.142 067 l.17 1,08
0.#91} Oolsl# 006 lc SO lob? b (R - lc 28)

le4l 00221 0.163 0.9 0.59 1.9

1,80 00221 0.158 0.9 0.60 1.9
Oe49L4 04133 0.7 l¢10  1e55

50& Uolb9l} 001&52 0',1-} 0090 103 .

8420 00494 0.823 0.2 0.87 1l
0~494  0.832 0.4 l.11 1.

8060 0.522 0,791 0.5 0.93 1
0266 0,771 Ooh 0.49 1.

5 1

I 1

6 b (R = 1,28)

J
|
)
} .

900 0.494 0.795 0. 1.02
0247 0.780 O, 0.47
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Table V. Polarographic data for the esters of the 2-bromo acids

Except as noted, the temperature was 0°C. and the mercury
height was 50 cm.

Cster .
Ester  pH concn. -4 a id I Notes
2
"@‘J v0 }18-

EtMI  2.07  0.108  0u348 0.8  0.270  1.82
.41 0.169 0.353 0.8 OC.4.8 1.85
8.60 0.169 0,368 0.6 0.420 1.70

EtEH 1,07 0.112 0.336 0.8 0.29, 1.83
lo4l 0.156 0.335 0.8 0.368 1,63
8.60 06156 0,340 0.5 0.420 1.85

9.00 0,109 0,208 1.1 0.228 1.46 g
9.00 0,109 0,269 1.1 0.216 1.39
900 0.109 0,208 1.2 0.222 1,43 3

EtEE 1.41 0,509 0,212 0.8 1.08 1.48
l.41 0.102 0.205 0.6 0,300 2.05 k

EtBE 1okl  0.116 0,143 0.6 0.2i6 1448

J - Maxima present even at this low concentration.
Distortion of wave makes these data less accurate.
k - The current values here are inexplicably high.
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Table VI. Polarographic data for bromoacetic acid (HH),
2«-bromopropionic acid (!MH) and 2-bromobutyric acid (EH).

Acid

HH

EH

The tumperature for all these runs was 0°C., and the
mercury hegght was 50 cme Diffusion cogfficients are
2,15 <« 10=°, 2,08 x 10=° and 2.02 x 10*° for HH, MH

and EH respectivelv. Ilkovic n-value is 2 in all cases.

Acid
PH Cconcxe. -El a id I Notes
2

m} Ve pae
1007 00 610 0. 673 00[)7 lo 98 2032 f
1.80 0,673 0.50 1.88 2.20 f
8.20 1.235 Q.40 1.82 2,18
8.87 1,229 0.40 1.80 2.16
1.07 0,676 0.516 0.38 1.98 2.08 ['q
1.80 0.557 0.39 1.88 1.98 ¢, 4
8,20 1.195 0O.42 2.02 2,20
8.87 1,196 0.49 1.8 1.99
1e07 0,591 0.473  0oh3 147 1.8; £
1.80 0,498 0Cokl 1.53 1.9 £, 4
8420 1.216 0.51 1.56 2,01
8,87 1.217 O.46 1.4l 1.80

A - This E; value is larger than the preceding probably

becauéz it falls on the rising portion of the E, Vvs.
PH curve. %
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Table VII. Comparison of the half-wave potentials

of the acids studied.

Temperature = 0°C. Height of mercury « 50 cm.
pH HH MR EH MM ME EE BE
l.1 0,67 0.52 0¢47 025 0.25 0.22 0.4
Vol == - — e - we 0,26
1.8 0.67 0.56 050 0.28 0.26 0.22 0.16
ie0 - - = 0.47 0,40 0,39  «-
4.8 - - - 0e58 0s49 0.48 -
5.6 - - - 080 0,69 071 0.45
7.8 w - - 1.06 1.03 1.10 -
8.2 124 1420 1.22 — o - 0.82
8.6 -- - e - -— e 0.79
8,9 1.3 1.20 l.22 1,06 1.02 1,07 o=
9.0 - o -~ - - -- 0.80

The velues listed in this table are those considered
by the authors as most reliable for each pH.
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